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ABSTRACT: This work established a high-speed camera-assisted visualization system that investigated the effect of volatile matter
and fixed carbon content in biomass particles on single-particle combustion phases and their luminous properties. Three types of
biomass particles, namely, sawdust (a mixture of pine and willow), corncob, and rice husk, were examined on a Hencken flat-flame
burner. The luminous region and intensity of single biomass particles were closely related to the flammability and calorific value of
biomass fuel and derived by analyzing a sequence of images captured using a high-speed camera. The combustion temperature was
determined through analysis of its radiant energy. The results showed that the ignition mechanisms of volatile matter and fixed
carbon corresponded to homogeneous and heterogeneous reactions, respectively. The maximum luminous region values of 1.75 X
10% 2.1 X 10% and 1.0 X 10® um? for sawdust (SD), corncob (CC), and rice husk (RH) correlated to the volatile matter content of
each biomass sample, which was 69.38, 74.15, and 64.56%, respectively. Because of the high fixed carbon content, the peak
temperature of the SD particles could reach 1549 °C. The luminous region and intensity of the combusting particles were
significantly affected by the volatile matter and fixed carbon, respectively.

1. INTRODUCTION Moreover, the lower inorganic composition, especially for the
ash content, of biomass leads to lower particulate matter

Globally, as a renewable energy resource, biomass is seen as a s
emissions during particle combustion. ~ These studies indicate

CO, neutral fuel due to the carbon cycle and because bioenergy

is renewable in nature."”” However, biomass energy use accounts that solid biofuels have advantages such as low ignition
for only 14% of the total energy consumption.?”4 Biomass temperature, internal mesh structure, and low inorganic content
combustion is a convenient way for CO, reduction,’ due to its during the combustion process. However, compared with coal,
CO,-neutral characteristics, and the relative ease of utilizing as a they also have disadvantages such as low energy density, low
fuel in the existing pulverized fossil fuel-fired thermal power calorific value, and short burning time periods. All of the
plants.”” advantages and disadvantages of solid biofuels in the

Solid biofuels have lower ignition temperatures, lower energy combustion process mentioned above are related to the fuel

content, and shorter burnout times® compared to coal.” The
volatile matter (VM) and fixed carbon (FC) content can
significantly affect biomass combustion characteristics, and the
ignition temperature and ignition time varied with the volatile
mater content.' However, biomass fuels exhibit varied
combustion behavior and luminous properties due to their
physical and chemical differences, internal mesh structure, and
low particle density.”'' For example, during the first combustion
stage, the rapid release of 70—90% of the volatile matter in the
powdered biomass can easily create combustion atmospheres.'”

properties. Therefore, the effects of fuel properties on the
combustion behaviors of biofuels are significant.

Received: May 27, 2021
Accepted: September 27, 2021
Published: October 12, 2021

© 2021 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acsomega.1c02783

v ACS PUblicationS 27702 ACS Omega 2021, 6, 27702—27710


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongsheng+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhicong+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingjie+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun+Lou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mooktzeng+Lim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c02783&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02783?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02783?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02783?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02783?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02783?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02783?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02783?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02783?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c02783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Understanding the varied combustion behaviors are sim-
plified by the experimental investigation of single biomass
particles. Various instruments and experimental set-ups such as
the thermogravimetric analysis (TGA) system,'*'* drop-tube
furnaces (DTFs),”'® and Hencken flat-flame burner
(HFFB)'”"* are used for investigating the combustion proper-
ties of single biomass particles.

Among the various experimental setups mentioned, HFFB
has the advantages of higher heating rates (~10° K/s) and
higher temperatures (>1500 K) compared to TGA.'*° Also,
the HFFB provides an experimental condition that is able to
simulate the combustion environment in an industrial setting of
pulverized fuel burners, in which fuel particles are exposed to
reducing conditions during the initial devolatilization stage to
oxidation.**! In addition, the HFFB provides uniform heating
with micro-diffusion flames emanating from the burner, and the
desired gas temperatures are obtained by changing the gas
composition downstream of the micro-flames.'”**

Visualization methods are often employed for in-depth,
quantifiable analysis of single-particle combustion. High-speed
cameras are used with HFFB to obtain a sequence of images
from the combustion of the single particles.23 However, these
studies mainly investigated the combustion properties of coal
particles, with the development of bioenergy, HFFB is
increasingly applied to the combustion of single biomass
particles. Zhang et al.>* reported that the fluctuation in the gas
temperature significantly affects the instantaneous reaction of
carbon in the biomass particles. Mock et al.”> observed that
torrefied (carbonized) biomass has different ignition delay times
and flame structures compared to nontorrefied biomass. Wang
et al.”® observed that the ignition delay time of biomass particles
was closely related to the moisture content of the particles. The
above analyses did not elaborate on the effects of fixed carbon
and volatile matter content on other combustion properties such
as the luminous region and intensity. However, as two important
indicators that can quantify the flammability and calorific value
of biofuels, their importance cannot be ignored. The luminous
region is representative of the volume or area of the emanating
flame, and may not necessarily be correlated to the luminous
intensity, which may be correlated to other factors such as the
fixed carbon.

Therefore, this study investigates the combustion phases of
single biomass particles, and establish the effect of volatile matter
(VM) and fixed carbon (FC) content on lesser-known
combustion properties such as the luminous region and
intensity. HFFB that provides a uniform, fast-heating rate,
coupled with a high-speed camera is used for flame visualization,
from which the luminous region, intensity, and temperature are
determined.

2. EXPERIMENTAL METHODS

2.1. Biomass Preparation. Three types of biomass samples
were investigated in this study: sawdust (SD), corncob (CC),
and rice husk (RH). The samples were collected from Hubei
province, China. The samples were first dried and pulverized,
sieved to 180—250 ym and dried at 105 °C for 12 h before each
experiment. The properties of biomass samples are listed in
Table 1, proximate and ultimate analyses were performed using a
YSRZY-8 industrial analyzer (Yongxin, China) and an EA3000
elemental analyzer (Euro Vector, Italy), respectively. The fixed
carbon and volatile matter mass fractions of SD, CC, and RH
were 19.67, 14.82,9.32%, and 69.38, 74.15, 64.56%, respectively.

Table 1. Proximate and Ultimate Analyses of the Biomass
Fuels”

sawdust (SD) corncob (CC) rice husk (RH)
Proximate Analyses (wt %, As Received)

constituent

fixed carbon (FC) 19.67 14.82 9.32
volatile matter (VM) 69.38 74.15 64.56
moisture content (MC) 891 9.51 11.58
ash content (AC) 2.04 1.52 14.54
FC/VM (%) 2835 19.99 14.44
Ultimate Analyses (wt %, As Received)
C 44.58 42.72 45.35
H 5.50 5.66 5.30
o’ 3021 5025 46.65
N 1.14 0.50 0.79
N 0.03 0.04 0.13
Heating Value (MJ/kg)
18.83 16.01 14.25

“FC = fixed carbon, M = moisture, VM = volatile matter.
*Determined by difference.

SD has the highest fixed carbon content, and CC has the highest
volatile matter content.

2.2. Experimental Setup. Figure 1 shows the experimental
setup that consisted of a HFFB, mass flow controllers

Mass flow controllers High-speed camera
a o

- = » -

Biomass
feeder
&y

s T 1

Hencken flat-flame burner
[ ] ]

Figure 1. Schematic structure of the HFFB utilized in this work.

(Sevenatar, China), a piezo bowl vibratory feeder (Sanki PEF-
904, Japan), and a high-speed camera (Fastcam SA4, Japan).
The HFFB is composed of a ceramic honeycomb (cross-section:
55 X 55 mm?) that houses an array of 486 stainless-steel tubes
(inside diameter: 0.8 mm; outer diameter: 1.2 mm). Mass flow
controllers were used for controlling the fuel gas flow rates of air
(15 slpm) and methane (0.8 slpm) to provide a high-
temperature environment. As the flow rate of each gas is
independently controlled, and the high-frequency vibration of
the vibratory feeder separates the particles from each other, the
desired number density of particles can be obtained. Biomass
particles were injected into the HFFB using a vibratory feeder,
using N, (0.5 slpm) as a carrier gas through a central stainless-
steel tube (internal diameter: 2.8 mm). The high-speed camera
with an AF Zoom-Nikkor 24—85 mm {/2.8-4D lens can acquire
1024 (h) X 1024 (v) images, and has a maximum shutter speed
of 3600 fps. The pixel values and shutter speed were varied to
obtain high-definition images of the flame during single biomass
particle combustion.
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Figure 2. (a) Entire combustion process and (b) combustion phases diagram of SD.

2.3. Visualization Principle. All images were captured
under a 12-bit resolution of the high-speed camera and the
intensity of each pixel in the images is within 0 to 4096.
According to the colorimetry principle, the images are
composed of three primary colors: red (R), green (G), and
blue (B). The image of a particle flame is a two-dimensional
projection of a three-dimensional combustion field, from which
a range of physical parameters of the single biomass particle
combustion can be obtained using image processing techniques.
In this study, to quantify and visualize the combustion or
luminous properties of the single biomass particles, the
parameters of the burning particle flame are classified into four
main categories as follows.

(a) Burning time (7) is defined as the duration from the start
of the biomass particle combustion to complete flameout.
A pixel intensity of greater than 20 is used to identify the
onset of an emanating flame.

(b) Luminous region (R;) is defined as the area occupied by
the particle flame and is obtained by the number of pixels
occupied by the flame. The pixel values are converted to
length measurements by eq 1

S = nl? (1)
where L is the actual length of a pixel, 113.63 pm (as
shown in Figure S1), and n is the number of pixels
occupied by the flame.

(c) Luminous intensity (I;) is defined as the average
brightness of the luminous region, determined by the R
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value (intensity of red colors) in the flame image. A higher
value of I} indicates a more intense flame.

(d) Particle temperature (T},) represents the average temper-
ature of the flame in the luminous region, which can be
derived from the radiant energy analysis technology as
follows.

The monochromatic radiation intensities of RGB bands in the
color image are recorded using a high-speed camera. The blue
color B-band is usually weak from a flame is often not used for
analysis. The relationship between monochromatic radiation
intensity (I;) of the R and G-bands are obtained from the
blackbody furnace and is derived by Wien’s law”’

)

where T is the blackbody furnace temperature, €, is the
emissivity constant (0.99), and A is the wavelength of R or G.

The high-speed camera has been calibrated with a blackbody
furnace, and Figure S2 shows that the values of R and G-bands
are linear with the monochromatic radiation intensities of I and
I, and has a linear relationship as follows

I =f(R) =ay+ aR + a,R + - + a R 3)

I; = f(G) = by + b,G + b,G* + - + b,G" (4)

The coordinates of the combustion points in the image are (i,
jo), the combustion temperature of the single particles was
calculated by the two-color method. And the monochromatic

https://doi.org/10.1021/acsomega.1c02783
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Figure 3. (a) Entire combustion process and (b) combustion phase diagram of CC.

radiation intensity I (i, jo) and I(iy, jo) corresponding to the g
and Ag, and can be obtained from Wien’s law of radiation as
follows™®

Lo j,)  e(p)Ad C, (1 1)
A (s)

N &pl - |5 T
I (o, Jo) 8@@)1}3 T(lO’ JO)
The flame temperature can be calculated from the correspond-

ing monochromatic radiation intensity Iy and I in the color
image

1 1
T(iy, jo) = _CZ(,T - T]/ln
R G

IR(iO’ jo);LRS
I(ig, J'o)/lc5 (6)

3. RESULTS AND DISCUSSION

3.1. Gas Temperature of HFFB. Figure S3a shows the flat
flame formed by the fuel gas, the upper flame level was flush with
the central tube and the height of the flame was about 3 mm, and
the gas temperature along the central tube of the HFFB was
measured using a B-type thermocouple and presented in Figure
S3b. Based on the radiation correction of the thermocouple
temperature measurement, the relative error was 2—5%,
indicating that the corrected or modified temperature is similar
to the experimental measurements.”’

3.2. Visualization of the Combustion Images. This
section discusses the ignition mechanisms and combustion
phases of a single biomass particle. Figure 2 shows a series of
photographic snapshots during the duration of the combustion
of SD on the HFFB. As shown in Figure 2a, during the time (t) of
1-7 ms, the brightness of the biomass particles increased
significantly. The maximum brightness or pixel intensity was
observed at 7 ms, which indicated that after ignition, the emitted
volatile matter from the SD particles undergoes combustion.
The central region of the particle was brighter and more
luminous, indicating that the volatile matter in the particles is
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likely to be ignited first with the gaseous phase oxygen. The gas-
to-gas phase reactions indicate a homogeneous ignition mode,
which is directly related to the volatile matter content.'” For t = 8
ms onward, the brightness of the particles decreased to a
minimum value at f = 18 ms, indicating that the volatile matter in
the SD particle is completely emitted, with a lack of brightness or
luminous intensity (flameout) at t = 19—22 ms. The brightness
increased again at ¢ = 23 ms in the form of a cap-shaped flame,
with a more uniform distribution of luminosity across the
particle, indicating that the particle is undergoing the later,
slower gas-to-solid char (heterogeneous) reactions.’® The
combustion stages of SD particles are presented in Figure 2b,
showing that the volatile matter ignites the fixed carbon, a typical
homogeneous—heterogeneous ignition process.

Figures 3a and 4a show that the combustion stages of CC and
RH are similar, but differ from those of SD (Figure 2a). As
shown in Figure 3a, the brightness and the luminous region of
the particle increased from ¢ = 1 ms to a maximum value at 13
ms. At ¢ = 20 ms after ignition, the brightness of the particle
decreased to a minimum at 30 ms. Unlike the SD particles, the
brightness of the images from CC particles did not increase
again after the first flameout. This shows that the combustion
phase of CC is mainly homogeneous oxidation of the volatiles.”!
A similar combustion phase is observed for RH in Figure 4a. The
figure shows that the maximum brightness was reached at 7 ms.
The minimum brightness was reached at t = 13 ms, showing that
the RH particles have flamed out.>' Figures 3a and 4a show that
the CC and RH particles are likely to be combusted through a
gaseous phase, volatile matter reactions because there are no
staged changes in luminous brightness such as that of SD in
Figure 2a,b. This is because of the lower fixed carbon-to-volatile
matter (FC/VM) ratio of CC and RH compared to SD, which is
shown in Table 1 and Figure 2b. Figure 3b shows that the
duration for the combustion of the CC particle was 29 ms.
Figure 4b shows that for RH particle, the combustion duration is
only 13 ms due to a low VM and FC content (relative to SD and
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Figure 4. (a) Entire combustion process and (b) combustion phase diagram of RH.

CC). In addition, RH particles contain a significantly higher
amount of ash content (14.44%) compared to SD and CC (2.04
and 1.52%), inhibiting the possibility of a longer combustion
process.

As shown in Table 2, The above experiments were repeated
10 times, from which the mean and standard deviations of the

Table 2. Average Duration of Combustion for the Three
Biomass Samples

volatile combustion fixed carbon burnout time

mean value standard mean value standard
(ms) deviation (ms) (ms) deviation (ms)
sawdust 18.75 3.28 30.13 5.38
corncob 29.57 3.10
rice husk 10.67 2.73

homogeneous and heterogeneous combustion times were
obtained. Figure S shows the combustion duration or burnout
times and the average times for the gaseous phase volatile matter
reactions and the gas-to-solid phase fixed carbon reactions (for
sawdust). The above results suggest that biofuels with a high
fixed carbon content will undergo two combustion phases (the
volatile matter and fixed carbon combustion phases). When
heating, the volatile matter in the particles is released first to
undergo gas-to-gas phase (homogeneous) reactions, indicating
that the volatile matter has good flammability.”> On burning
embers with the volatile matter, fixed carbon is ignited, this
shows that fixed carbon requires a higher temperature to be
ignited compared to volatile matter.* The longer combustion
duration of fixed carbon may be mainly attributed to the
stronger C—C bonding in fixed carbon.”’

3.3. Effect of Biomass Properties on the Luminous
Region (R)). Figure 6 shows that the luminous region (R;) (from
eq 1) of the three biomass particles was changed during the
combustion process. The R of the biomass particle flame is
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directly affected by the volatile matter and fixed carbon content.
As shown in Figure 6, in the volatile matter combustion phase,
the Ry after t = 1 ms increased significantly to maximum values of
1.75 x 10 2.1 X 10% and 1.0 X 10® ym? for SD, CC, and RH,
respectively. This is mainly due to the rapid release of the volatile
matter and easily formed combustion atmospheres. Meanwhile,
it also suggests that the volatile matter in biofuels has good
flammability.>> The maximum R; levels of SD, CC, and RH
correlate to the volatile matter contents of each biomass sample,
which are 69.38, 74.15, and 64.56%, respectively. Therefore, R; is
greatly affected by the volatile matter content and is positively
correlated.” As the volatile matter content in CC is the highest,
the corresponding R; is the highest as well. As mentioned earlier,
due to a higher fixed carbon content, the SD particles went
through a second, heterogeneous, fixed carbon oxidation stage.
In this stage, the R; is smaller than that in the volatile matter
combustion stage. These results indicate that compared with
fixed carbon, the effect of the volatile matter content on R; of
particles is more significant, biofuels containing more volatile
matter have a larger value of R, Because of the positive
association between volatile matter content and the R level, R
can be used for the quantitative evaluation of the flammability of
the biofuels.

3.4. Effect of Biomass Properties on the Luminous
Intensity (/). Figure 7 shows that for the luminous intensity (I;)
of SD particles, due to a higher fixed carbon content, the second,
heterogeneous combustion phase (20—S1 ms) is higher in
luminous intensity than the first, homogeneous combustion
phase (1—19 ms). The I, of the fixed carbon combustion phase
could reach a peak value of 800 pixels for a relatively longer
duration, but for the volatile matter combustion phase, the
maximum was 700 pixels that occurred within a short duration,
indicating that fixed carbon can provide stronger radiation
capacity and higher calorific value, the results are consistent with
the conclusions obtained in Section 3.5. Compared with SD
particles, CC and RH could only observe the volatile matter
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Figure 7. Luminous intensity (I)) of three biomass particles versus time.

combustion phase. This result is consistent with a previous
study.”® A drop-tube furnace was employed by Riaza et al.”’ to
investigate the combustion behavior of four kinds of single
particles, they found that sugarcane bagasse, pine sawdust, and
torrefied pine sawdust only had one volatile matter combustion
stage. Although both the CC and RH particles also contain fixed
carbon, the combustion phase of fixed carbon was not observed,
which was possibly assumed to be hidden by the main
combustion stage. During the volatile matter combustion
phase, the maximum I of the three biomass samples was closely
related to the volatile matter content. The order of the volatile
matter content in the three biomass samples is CC (74.15%) >
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SD (69.38%) > RH (64.56%). The CC particles have the
maximum I value, indicating that during the volatile matter
combustion phase, the volatile matter content directly affects the
I) of the burning particles. In the fixed carbon combustion stage,
the I, of the burning particle (specifically, I, of sawdust) is greater
than that of the volatile matter combustion, and fixed carbon
content has a greater impact on the I;. The reason for this is that
the C—C bond in the fixed carbon can provide higher energy
than that in the volatile matter.*

3.5. Effect of Biomass Properties on the Particle
Temperature (T,). Figure 8a shows the temperature cloud
map of the single biomass particles during combustion. The
figure shows the movement trajectories and morphological
changes of the particles. The combustion of the SD, CC, and RH
particles occurs in the region of 0—80 mm above the surface of
the burner. The specific temperature change is shown in Figure
8b. As shown in Figure 8b, due to different volatile matter and
fixed carbon content, the temperatures of ignited single biomass
particles were significantly different. For SD particles,
throughout the burning phase, there were two peak values of
the combustion temperature, 1253 and 1549 °C, which
appeared in the volatile matter and fixed carbon combustion
phase, respectively. The overall T, of the fixed carbon
combustion phase was higher than that of the volatile matter
combustion phase, indicating that the effect of the fixed carbon
content on T is stronger than the volatile matter content, and
the fixed carbon can provide a higher calorific value than volatile
matter.”'® For CC and RH particles, their combustion phases
were similar and consisted of only the volatile matter
combustion phase. Due to the high volatile matter content of
CC, at 3 ms after ignition, the volatile matter was released
instantaneously as the particle was heated. The particle
temperature increased rapidly, and the maximum T, was 1400
°C at 10 ms after ignition. As for RH particles, due to both low
volatile matter and fixed carbon content, the T, increased at a
slower rate compared to CC, and the maximum T, of RH was
only 1008 °C. These results prove that the higher calorific value
contained in fixed carbon is higher than that of the volatile
matter, the combustion temperature mainly depends on the rate
of heat release and is different from the gas temperature. In
addition, the combustion temperature obtained in the experi-
ment is slightly lower than that obtained in the simulation
process, mainly because the simulation process is carried out
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Figure 8. (a) Temperature cloud map of SD, CC, and RH and (b) the particle temperature (T,) of the three biomass particles versus time.

under ideal conditions, which is different from the actual
combustion environment, but the overall trend of the
. . . 33 -

combustion process is consistent.”” the results are consistent
with the conclusions obtained in Section 3.4.

3.6. Average Values of R, I, and T,. The experiments
employed many biomass particles and were repeated 10 times,
then the average values of the R;, I;, and T, of the three biomass

samples were obtained and are presented in Figure 9. Due to a

5
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Figure 9. Average values of the luminous region (R;), luminous
intensity (I;), and particle temperature (T,) of the three biomass
samples.

higher fixed carbon content, the averaged luminous intensity ()
and temperature (T,) were the highest for SD, which were 4.52
x 10? and 1451 °C. This is because the fixed carbon content
contains energetic carbon-to-carbon bonds,* which releases the
most energy and heat, thus increasing the luminous intensity.
CC has the highest volatile matter content and releases a higher
amount of combustible volatiles. The higher amount of
combustible volatiles is reflected in the larger luminous region
(R) of 1.51 um? for CC. The results indicate that the volatile
matter affects the R, values, and the fixed carbon affects the
values of I; and T,

3.7. Effects of Fuel Properties on the Combustion
Phases of Biomass. According to the analysis above, the
volatile matter and fixed carbon content in the biomass particles
strongly influence their combustion behaviors. Upon heating,
the volatile matter is released rapidly and the R after t = 1 ms
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increased significantly to the maximum values of 1.75 X 10%, 2.1
% 10% and 1.0 X 10° um? for SD, CC, and RH, respectively, and
particles exhibited homogeneous ignition behavior. Fixed
carbon needs to be ignited at a higher temperature due to the
stronger C—C bonding, therefore, the fixed carbon combustion
phase is carried out after the volatile matter combustion stage,
corresponding to the slower gas-to-solid char (heterogeneous)
reactions.”*

First, CC has the highest VM content, therefore, compared to
SD and RH, CC has the longest volatile combustion phase
(Figure 5). As shown in Figure 6, the maximum luminous region
values of 1.75 x 10, 2.1 X 10% and 1.0 X 10° m? for SD, CC,
and RH correlate to the volatile matter content of each biomass
sample, which is 69.38, 74.15, and 64.56%, respectively. Because
of the positive correlation between the luminous region and the
fuel flammability, the volatile matter content has a great impact
on the fuel flammability.'”

Second, the fixed carbon content made the main contribution
to the maximum combustion temperature value of the biomass
particle (Figure 8), mainly due to the strong C—C bonding in
the fixed carbon.” The results show that the volatile matter and
fixed carbon content play a significant role in the combustion
phases and their luminous properties. The fuel flammability and
combustion temperature of biomass particles can be quantita-
tively analyzed by volatile matter and fixed carbon content,
respectively.

4. CONCLUSIONS

This work investigated the effect of volatile matter and fixed
carbon content in biomass particles on the combustion phases
and their luminous properties. Single particles were burned on a
Hencken flat-flame burner coupled with a high-speed camera.
The combustion phases and their luminous properties were
characterized and the following conclusions can be drawn:

(1) Both volatile matter and fixed carbon content strongly
influenced the combustion behaviors of the biomass
particles. Biomass particles with high fixed carbon content
underwent two combustion phases: the volatile matter
and fixed carbon combustion phases, which correspond to
homogeneous and heterogeneous reactions, respectively.
During the volatile matter combustion phase, when
heating, the volatile matter in biomass particles was
released first, the R; after t = 1 ms increased significantly to

)
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the maximum values of 1.75 X 10% 2.1 X 10°, and 1.0 X
10° um? for SD, CC, and RH, respectively, and particles
exhibited homogeneous ignition behavior.

(3) Throughout the burning phase, there were two peak
values of the combustion temperature, 1253 and 1549 °C,
which appeared in the volatile matter and fixed carbon
combustion phase, respectively. The fixed carbon was
ignited at the end of the volatile matter combustion stage.
In the bright, relatively stable fixed carbon combustion
phase, The maximum combustion temperature of the
burning particles depended mainly on the fixed carbon.
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B ABBREVIATIONS
R, G, and B the three primary colors of the images

T the duration from the start of the biomass particles’
combustion to complete flameout
R the area occupied by the particle flame, and is

obtained by the number of pixels occupied by the
flame; S = nL?

I the average brightness of the luminous region

T the average temperature of the flame in the
luminous region
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